The monoclonal antibody (MAb-001), which was produced against a surface membrane glycoprotein on C. salmositica, significantly inhibited the activities of the intracellular proteases of the parasite. The total activity in the partially purified metallo-protease, and about 80% of activity in the partially purified cysteine protease, were inhibited by the antibody (at 10 µg protein ml -1 ). The inhibitory effects of the antibody on the proteases were also demonstrated using haemoglobin (substrate)-SDS-PAGE. The activities of the metallo-protease band (200 kDa) and the three cysteine protease bands (66, 70 and 97 kDa) were inhibited by MAb-001, but the activity of the fourth cysteine protease band (49 kDa) was not affected. Similar inhibitory effects of the antibody were also found in the crude protease extract (parasite lysate), except that more antibody was required to obtain the same level of inhibition. The metallo-protease band was more sensitive than the cysteine protease bands to the antibody.
Introduction
Cryptobia salmositica Katz, 1951 (Sarcomastigophora: Kinetoplastida) is a pathogenic haemoflagellate of salmonids on the west coast of North America (Woo 1994; Woo & Poynton 1995) . Infected rainbow trout, Oncorhynchus mykiss (Walbaum), develop anaemia, exophthalmia, splenomegaly, abdominal distension with ascites, and general oedema (Woo 1979) and anorexia (Li Correspondence Professor P T K Woo, Department of Zoology, University of Guelph, Guelph, Ontario, Canada N1G 2W1 & Woo 1991a; . Cryptobiosis may result in high mortalities in experimentally and naturally infected salmonids, but the mechanism of the disease is not well understood (Woo 1987 (Woo , 1994 .
A monoclonal antibody (designated as MAb-001) against a surface membrane antigen on C. salmositica has been produced. It agglutinates live parasites, inhibits multiplication and affects viability of the parasite under in vitro conditions. However, the mechanism of its effects on the parasite is not known and one of our hypotheses is that the antibody interferes with acquisition/processing of nutrients (Feng & Woo 1996) .
Proteases in parasitic protozoa are believed to be important in the development of the parasites or disease (McKerrow, Sun, Rosenthal & Bouvier 1993) . The pathogenic C. salmositica has both cysteine and metallo-proteases, but the parasite loses its metallo-protease as it becomes avirulent during in vitro culture (Zuo & Woo 1997a) . Also, the nonpathogenic vaccine strain of C. salmositica (see Woo & Li 1990 ) and the nonpathogenic Cryptobia catostomi (see Bower & Woo 1977) of white suckers, Catostomus commersoni Lacépède, have only cysteine protease and their overall proteolytic activities are significantly lower than that of the pathogenic C. salmositica (see Zuo & Woo 1997a) . The two classes of intracellular proteases in the pathogenic C. salmositica have been isolated and characterized (Zuo & Woo 1997b ). The present authors have previously suggested that the metalloprotease contributes to pathogenesis in salmonid cryptobiosis and the cysteine protease plays an important role in protein metabolism (Zuo & Woo 1997a, b, c) .
Since MAb-001 is active against a 200-kDa
Parasites
The pathogenic C. salmositica was initially isolated from its leech vector, Piscicola salmositica (see Woo 1978) , and subsequently maintained in the laboratory by passage through rainbow trout or cryopreservation in liquid nitrogen (Woo 1979) . The parasite used in this study was isolated from the blood of an infected rainbow trout and cultured in a modified minimum essential medium at 12°C (Woo & Li 1990) for no more than 2 months; this allowed the present authors to obtain a large number of parasites free of host cells. The parasite on shortterm culture (e.g. 2 months) is still pathogenic to trout (Woo & Thomas 1991) . Parasites harvested from cultures were washed three times in phosphatebuffered saline (PBS) by centrifugation (7000 g at 4°C for 10 min), and washed parasites were either used fresh or stored at -100°C (less than 6 months) prior to analysis. The short-term storage (6 months) at -100°C does not affect protease activity (Zuo & Woo 1997a ).
Monoclonal antibody
The monoclonal antibody (MAb-001) against a surface membrane antigen on C. salmositica was produced as described by Feng & Woo (1996) . The crude MAb-001 was purified by affinity chromatography using Econo-Pac protein A column (Bio-Rad Laboratories, Mississauga, Canada) according to the manufacture's instructions and the purified MAb-001 was used in the present study.
Preparation of cell lysate of C. salmositica
All procedures, unless otherwise stated, were carried out at 4°C. A suspension of washed parasites (about 10 9 cells ml -1 ) in PBS containing 0.2% (v/v) Triton X-100 was sonicated for about 5 min, and followed by three frozen and thaw cycles. After centrifugation at 7000 g for 20 min, the supernatant was pooled and used as crude protease extract.
Isolation and partial purification of metallo-and cysteine proteases from C. salmositica
The technique of ion-exchange chromatography was as described by Yu & Greenwood (1994) with some modifications (Zuo & Woo 1997b, c) . Briefly, a diethylaminoethyl (DEAE)-agarose (Bio-Rad Laboratories) column (1 ϫ 20 cm) was equilibrated with 1:10 strength McIlvaine's buffer, pH 6.0, and washed with the same buffer until the conductivity of the eluent and buffer were equal. The crude protease sample (parasite lysate) was applied to the column, and the two classes of intracellular proteases were eluted and separated with 66 ml of a increasing linear NaCl gradient (0-0.4 M) at a flow rate of 18 ml h -1 . Fractions (2 ml per tube) were collected. Fractions with proteolytic activity were detected using azocasein as the substrate and metallo-or cysteine protease was identified by inhibition with 1,10-phenanthroline or E-64, respectively (Salvesen & Nagase 1989) . Fractions (tubes 11-14) containing metallo-protease and fractions (tubes 19-23) containing cysteine protease were pooled, respectively, and concentrated (Zuo & Woo 1997b) , and these partially purified proteases were used in the present study.
Determination of protein concentration
The protein concentrations in partially purified protease samples, parasite lysate and purified MAb-001 were determined using the method of Bradford (1976) .
Enzyme activity
Proteolytic activity was detected using azocasein as the substrate, as previously described by North & Walker (1984) with slight modifications (Zuo & Woo 1997a ). Briefly, a volume (10 µl) of protease sample (containing 100 µg protein of parasite lysate or 10 µg protein of partially purified protease) was mixed with 0.5 ml of azocasein (10 mg ml -1 ) and 0.1 M phosphate buffer (pH 5.0) was added up to 1 ml. After incubation at 37°C for 2 h, 0.2 ml of 50% trichloroacetic acid was then added to terminate the reaction and the tube was left to stand at 4°C for 30 min. The insoluble material was removed by centrifugation and the supernatant was made alkaline by addition of 0.2 ml 4 M NaOH. The absorbance was recorded by a spectrophotometer at 520 nm.
Inhibition of protease activity by MAb-001
To derive an inhibition curve, protease samples were incubated with different volumes of MAb-001 before the proteolytic activities were determined. Briefly, a volume (10 µl) of the partially purified metallo-protease (1 mg protein ml -1 in PBS), or the partially purified cysteine protease (1 mg protein ml -1 in PBS), or the parasite lysate (10 mg protein ml -1 in PBS), was added to 5, 10, 20, 40, 60, 80, 100, 120, 140, 160 or 180 µl of the purified MAb-001 (50 µg protein ml -1 in PBS). Then PBS was added to make a final volume of 200 µl, thus adjusting the antibody concentrations to 1.25, 2.5, 5, 10, 15, 20, 25, 30, 35, 40 and 45 µg protein ml -1 in the mixture, respectively. The protease/ antibody mixture was incubated at 22°C for 30 min before the substrate azocasein was added to detect the remaining proteolytic activity. Controls were protease incubated with the same amount of PBS instead of the antibody.
To determine the effects of the antibody on the C. salmositica zymogram, the protease sample was incubated with the antibody before it was determined using the haemoglobin (substrate)-SDS-PAGE (see below). In the control sample, the protease was only incubated with PBS.
Effects of MAb-001 on zymogram of proteases using haemoglobin-SDS-PAGE
The substrate-SDS-PAGE was performed using polyacrylamide gel electrophoresis (7.5% running gel) (Hames 1981) , except that haemoglobin (0.2% w/v) was incorporated into the running gel. The haemoglobin was extracted and prepared from the blood of an uninfected rainbow trout according to the method of Knox, Redmond & Jones (1993) . A 10 µl sample of protease (containing either 100 µg protein of parasite lysate or 10 µg protein of partially purified protease) was added to 10 µl of the purified MAb-001 (at 10-70 µg ml -1 ) or to 10 µl of PBS (as control) and incubated at 22°C for 30 min. The mixture was then added to 10 µl of the nonreducing SDS-sample buffer (0.5 M Tris-HCl, pH 6.8, 10% SDS, 20% glycerol and 0.02% bromophenol blue) without boiling. Electrophoresis was performed using a Bio-Rad Mini-protean system at 4°C until bromophenol blue ran to the bottom of the gel (for about 2 h). After electrophoresis, gels were immersed in 2.5% (v/v) Triton X-100 for 1 h to remove the SDS and washed once with the incubation buffer (0.1 M phosphate buffer, pH 5.0). Protease bands were developed by immersing gels in the incubation buffer at 30°C for 12 h. Zones of proteolysis appeared as clear bands against a blue background after Coomassie Blue staining. The molecular weight of an individual protease was determined from its mobility relative to those of pre-stained standard molecular weights (Bio-Rad Laboratories).
Statistical analysis
The t-test (Wardlaw 1985) was used to determine the statistical difference between control and experiment assays. Results were considered significant if P Ͻ 0.05.
Results

Inhibitions of MAb-001 on the C. salmositica protease activities
The proteolytic activity in the partially purified metallo-protease sample was significantly inhibited (P Ͻ 0.05, as compared to the control) by MAb-001 (at 1.25 µg protein ml -1 ), and the inhibition was greater with increased amounts of the antibody (Fig. 1 A) . No proteolytic activity was detected after the protease was incubated with 10 µg protein ml -1 of the antibody (Fig. 1 A) . This indicates that the proteolytic activity of the metallo-protease can be completely inhibited by MAb-001.
The proteolytic activity in the partially purified cysteine protease sample was also significantly inhibited (P Ͻ 0.05, as compared to the control) by MAb-001 (at 1.25 µg protein ml -1 and more) and the inhibition was higher with increased amounts of the antibody (1.25-10 µg protein ml -1 ) (Fig. 1 B) . At 10 µg protein ml -1 or more, the antibody inhibited about 80% of the total activity in the protease sample. Increasing MAb-001 to more than 10 µg protein ml -1 did not significantly increase inhibition (P Ͼ 0.05, compared to 10 µg protein ml -1 ) and about 20% of the total activity remained (Fig. 1 B) . This indicates that the antibody cannot inhibit all of the proteolytic activities in the C. salmositica cysteine proteases.
MAb-001 (at 5.0 µg protein ml -1 or more) significantly inhibited (P Ͻ 0.05, as compared to the control) the proteolytic activity in the parasite lysate and the inhibition was greater with increased amounts (5-35 µg protein ml -1 ) of the antibody Figure 1 Inhibition of proteolytic activities of Cryptobia salmositica proteases by MAb-001. The activity remaining is given as a percentage of the inhibited activity (with MAb-001) compared to the activity in controls (without MAb-001). Each point is the mean Ϯ standard deviation (n ϭ 3): (A) partially purified metallo-protease; (B) partially purified cysteine protease; and (C) parasite lysate (crude protease extract).
( Fig. 1 C) . About 85% of the total activity was inhibited by the antibody (at 35 µg protein ml -1 ). However, increasing the antibody to more than 35 µg protein ml -1 did not significantly increase the inhibition (P Ͼ 0.05, as compared to 35 µg protein ml -1 ) and about 15% of the total activity remained (Fig. 1C) . This confirms the result (Fig. 1B) in that the antibody inhibited most (but not all) of the proteolytic activities in the partially purified cysteine protease sample.
Effects of MAb-001 on the zymogram of C. salmositica proteases
One protease band (200 kDa) was detected in the partially purified metallo-protease sample prior to incubation in MAb-001 (Fig. 2 A, lane 1) ; however, it completely disappeared after the protease sample was incubated with the antibody (at 10 µg protein ml -1 ) (Fig. 2 A, lane 2) .
Four protease bands (97, 70, 66 and 49 kDa) were detected in the partially purified cysteine protease sample prior to incubation in MAb-001 (Fig. 2 B, lane 1) . After the protease sample was incubated with MAb-001 (at 10 µg protein ml -1 ), two bands (70 and 66 kDa) did not show up and the major band (97 kDa) significantly decreased in its density (visualized as a less clear zone of hydrolysis), but one protease band (49 kDa) remained unchanged (Fig. 2 B, lane 2) . This result is consistent with the earlier result ( Fig. 1 B) in that the antibody inhibited most (but not all) of the proteolytic activities in the partially purified cysteine protease sample.
To better understand the change in the zymogram of the intracellular proteases caused by MAb-001, different concentrations of the antibody were incubated with the parasite lysate (crude protease extract) before the remaining proteolytic activity was detected using substrate-SDS-PAGE. The parasite lysate appeared as five protease bands (200, 97, 70, 66 and 49 kDa) (Fig. 3, lane 1 , without MAb-001), and these corresponded to bands of the partially purified metallo-and cysteine proteases (Fig. 2) . After the lysate was incubated with the antibody, the metallo-protease band (200 kDa) disappeared at 10 µg protein ml -1 of the antibody (Fig. 3, lane  3) , followed by disappearance of the two cysteine protease bands (70 and 66 kDa) with 30 µg protein ml -1 of the antibody (Fig. 3, lane 7) . The major cysteine protease band (97 kDa) was the last to disappear with the antibody (at 35 µg protein ml -1 ) (Fig. 3, lane 8) . However, the 49-kDa cysteine protease band remained unchanged with the antibody (at 5-35 µg protein ml -1 ) (Fig. 3) . This confirms the studies using the partially purified proteases (Fig. 2) .
Discussion
MAb-001 was produced against a glycoprotein on the surface of pathogenic C. salmositica (see Feng & Woo 1996) . This Ig G1 monoclonal antibody recognizes a glycoprotein (200 kDa) on the body surface of the parasite and it agglutinates live C. salmositica (Feng & Woo 1997b ). MAb-001 inhibits multiplication and affects viability of the parasite under in vitro conditions, and it also reduces the infectivity of the parasite under in vivo conditions. This suggests that MAb-001 is an inhibitory antibody and plays an important role in protective immunity against cryptobiosis (Feng & Woo 1996 . However, the precise mechanism of the effects on C. salmositica is not known.
In the present study, MAb-001 significantly inhibited the activities of the intracellular proteases in the pathogenic C. salmositica. The loss in protease proteolytic functions may be a result of the antibody binding to the active site of the enzyme (Salvesen & Nagase 1989) . Both the cysteine and the metalloproteases were inhibited by MAb-001 (Fig. 1) . This indicates that these proteases (as polypeptides) contain common epitope(s) which bind to the antibody. The activity of 49-kDa cysteine protease was not inhibited by MAb-001 (Figs 2 & 3) , probably because this protease does not have a similar epitope. The C. salmositica lysate has about 20 polypeptide bands (detected by SDS-PAGE) (Woo & Thomas 1991; Feng & Woo 1997b; Zuo & Woo 1997b) in which there are five protease bands (Zuo & Woo 1997a, b; present study) . Out of these polypeptides, 15 bind to MAb-001 before sodium periodate treatment (Feng & Woo 1997b) . However, the partially purified metallo-protease has four polypeptide bands, one of which has protease activity; the partially purified cysteine protease has six polypeptides, four of which have protease activity (Zuo & Woo 1997b) . In the present study, the crude protease extract (the parasite lysate) required more antibody than the partially purified proteases for the same inhibition level (Fig. 1) . This is probably because the former contained more polypeptides (in addition to the proteases) which bind to the antibody.
Cryptobia salmositica does not undergo in vitro multiplication in a medium without foetal bovine serum (Li & Woo 1991b) , and when the serum protein concentration is elevated in fish, there is a corresponding increase in multiplication (Li & Woo 1991a; Thomas & Woo 1990 ). This indicates that the parasite requires plasma proteins for multiplication, and hence, proteases are essential for its metabolism of proteins.
Cysteine (thiol) protease seems ubiquitous in parasitic protozoa, and it has important metabolic and physiologic roles for parasites (North 1992) . Cysteine protease in Trypanosoma brucei, a pathogen of mammals in tropical Africa, plays an important role in differentiation of the parasite (Pamer, So & Davis 1989; Mbawa, Gumm, Fish & LonsdaleEccles 1991) . The major protease in Trypanosoma cruzi, a human pathogen in Central and South America, is also a cysteine protease, and it is required for intracellular development and differentiation (Bontempi, Franke de Cazzulo, Ruiz & Cazzulo 1984; Harth, Andrews, Mills, Engel, Smith & McKerrow 1993) . A trophozoite cysteine protease with biochemical features of a food vacuole haemoglobinase has been identified in Plasmodium falciparum (see Rosenthal, Kim, McKerrow & Leech 1987) . It degrades host haemoglobin to free amino acids, and inhibition of the protease completely blocks growth and development of malarial parasites (Rosenthal, McKerrow, Rasnick & Leech 1989; Rosenthal, Wollish, Palmer & Rasnick 1991) .
The present authors' previous studies (Zuo & Woo 1997a, b) have shown that the chemical properties (e.g. molecular weight, inhibitor sensitivity and optimal pH) of the cysteine protease in C. salmositica are very similar to the cysteine proteases in T. cruzi (see Bontempi et al. 1984) , T. brucei (see Lonsdale-Eccles & Mpimbaza 1986; Lonsdale-Eccles & Grab 1987) and P. falciparum (see Rosenthal et al. 1989 ). The C. salmositica cysteine protease has significantly higher activities than the metallo-protease in degradation of plasma proteins (e.g. haemoglobin, fibrinogen and albumin) (X. Zuo and P. T. K. Woo, unpublished results). Also, the cysteine protease, unlike the metallo-protease, is present in both pathogenic and nonpathogenic spp. of Cryptobia and is not lost after prolonged in vitro culture (Zuo & Woo 1997a) . It was suggested earlier that the cysteine protease in C. salmositica is important for intracellular protein catabolism to release free amino acids and for parasite protein synthesis (Zuo & Woo 1997a) . In the present study, MAb-001 inhibited most (up to 80%) activities of the cysteine proteases in C. salmositica (Fig. 1 ) and the activities of three out of four zymotic bands (Figs 2 & 3) . Based on the different molecular weights of the four cysteine protease bands and their sensitivities to MAb-001, the present authors tentatively suggest that they may actually be four different types of cysteine proteases in C. salmositica; this awaits further confirmation. The inhibitory effect of the monoclonal antibody on 80% of the overall activities in the cysteine proteases may significantly reduce protein metabolism in the parasite, and thus, explain the inhibition of multiplication and survival of the parasites under in vitro and in vivo conditions (Feng & Woo 1996 . Zuo & Woo (1997a) showed that the metalloprotease is only present in the pathogenic strain of C. salmositica, but not in the avirulent vaccine strain. Feng (1997) showed a loss in one of the antigenic doublets (200 kDa) in the avirulent strain. The present authors suggest that this missing band in the doublet is the metallo-protease in the pathogenic strain. The metallo-protease is secreted into the blood and is neutralized by the natural antiprotease α 2 -macroglobulin in fish, and the excess of metalloprotease is closely related to the anaemia in infected fish (Zuo & Woo 1997d ). The metallo-protease directly lyses fish erythrocytes under in vitro conditions, and hence, the present authors suggested that the metallo-protease is one of the causes of the anaemia in cryptobiosis (Zuo & Woo 1997b, c) and it is likely the 'secreted lytic component' detected in
